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The  incorporation  of  Ce02  and  Dy203  to  ZnO  leads  to  a  marked  increase  in  the  electrical  conductivity.  The 
absolute  values  of  the  Seebeck  coefficients  of  Zni_xCexO  and  Zni_xDyxO  increase  with  Ce02  and  Dy203 
contents  up  to  x  =  0.003  and  0.005,  respectively,  and  then  decrease  with  further  increases  of  their 
concentrations.  The  highest  power  factor  (4.46  x  10-4  Wm"1  K-2  at  800  °C)  is  attained  for 
Zno.995Dyo.005O.  The  power  factor  is  approximately  56  times  larger  than  that  of  ZnO  (0.08  x  10-4  Wm-1  K 
“ 2  at  800  °C).  The  introduction  of  a  small  amount  of  Dy203  is  highly  effective  for  improving  the  ther¬ 
moelectric  properties  of  ZnO. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

In  order  to  reduce  ozone  depletion,  greenhouse  gas  emissions, 
and  fossil  fuel  usage  in  our  surroundings,  thermoelectric  power 
generation  technology  has  attracted  considerable  attention  and 
has  been  studied  extensively  [1  ].  Currently,  there  is  a  large  amount 
of  waste  heat,  especially  in  the  fields  of  power  plants,  automobiles, 
incinerators,  and  factories.  Thermoelectric  devices  directly  convert 
waste  heat  into  electricity  via  the  Seebeck  effect.  In  thermoelectric 
devices,  a  temperature  difference  drives  electron  charge  carriers 
from  hot  to  cold  junctions,  causing  an  electric  current  to  flow  in 
the  circuit.  Thermoelectric  energy  conversion  would  be  fairly 
suited  for  waste  heat  recovery  or  power  generation  from  a 
cogeneration  process  [2-6].  Thermoelectric  devices  do  not  have 
moving  components,  and  are  compact,  quiet,  highly  reliable,  and 
environmentally  friendly  [3,7-9].  Due  to  these  merits,  thermo¬ 
electricity  to  harvest  waste  heat  has  been  systematically  investi¬ 
gated  in  many  fields,  including  military,  aerospace,  instrument, 
and  industry  [10-12].  The  primary  problem  of  current 
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thermoelectric  power  generation  is  the  relatively  low  heat-to- 
electricity  conversion  efficiency,  which  consequently,  needs  to  be 
improved. 

Thermoelectric  materials  are  solid-state  energy  converters 
whose  combination  of  thermal  and  electrical  properties  endows 
them  with  heat-to-electricity  conversion  [1,13].  The  performance  of 
thermoelectric  materials  can  be  expressed  by  the  figure-of-merit 
(Z)  as  follows  [14-16]:  Z  =  go?  Ik ,  where  g,  a ,  and  k  are  the  elec¬ 
trical  conductivity,  Seebeck  coefficient,  and  thermal  conductivity, 
respectively.  The  electrical  properties  are  determined  by  the  power 
factor  (P)  defined  as  [14]:  P  =  go?.  To  be  a  good  thermoelectric 
material,  it  is  essential  to  have  a  large  power  factor  and  a  low 
thermal  conductivity.  Maximizing  Z  is  extremely  difficult  because 
generally  optimizing  one  physical  parameter  adversely  affects 
another.  For  example,  as  the  Seebeck  coefficient  increases  so  does 
the  electrical  resistivity  and  as  the  electrical  conductivity  increases 
so  does  the  thermal  conductivity. 

Conventional  thermoelectric  materials,  such  as  Bi2Te3,  FeSi2, 
PbTe,  and  SiGe,  suffer  from  high  toxicity  and  low  thermal  stability, 
whereas  ceramics  is  comprehensively  recognized  as  good  ther¬ 
moelectric,  having  high  thermal  stability  even  at  elevated  tem¬ 
peratures,  low  production  costs,  and  no  deterioration  of  their 
performance  due  to  oxidation  [17].  In  particular,  ZnO  is  a  promising 
thermoelectric  material  due  to  its  high  figure-of-merit  Z  at  high 
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Fig.  1.  A  schematic  diagram  showing  the  experimental  procedures  of  the  ZnlxRxO 
samples. 


temperatures  [18].  However,  the  obtained  results  are  still  insuffi¬ 
cient  for  the  practical  application  of  thermoelectric  power  gener¬ 
ation.  It  is  known  that  an  effective  way  to  enhance  thermoelectric 
properties  is  to  introduce  a  small  amount  of  dopant  [19,20]. 
Therefore,  in  the  present  study,  we  attempt  to  improve  the  ther¬ 
moelectric  properties  of  ZnO  with  the  introduction  of  a  small 
amount  of  Ce02  and  Dy203. 


2.  Experimental 

Nano-sized  Zni_xR*0  (R:  Ce  and  Dy;  0  <  x  <  0.01 )  powders  were 
synthesized  by  the  combustion  synthesis  process  using 
Zn(N03)3-6H20,  Ce(N03)3-6H20,  and  Dy(N03)3-5H20  as  the  oxi¬ 
dizers  and  aspartic  acid  (C4H7NO4)  as  the  fuel.  The  metal  nitrates 
were  dissolved  separately  in  distilled  water  to  prepare  homoge¬ 
neous  solutions.  The  aspartic  acid  was  dissolved  in  the  solutions  to 
prepare  a  transparent  aqueous  solution.  The  molar  ratio  of  the 
metal  nitrates  to  aspartic  acid  was  adjusted  to  1:1.  The  obtained 
solution  was  slowly  heated  on  a  hot  plate  at  300  °C  until  a  highly 
viscous  gel  precursor  was  obtained.  Subsequently,  the  gel  precursor 
was  auto-ignited  with  the  rapid  evolution  of  a  large  volume  of  gases 
to  produce  voluminous  powders. 

The  size  and  morphological  characteristics  of  the  synthesized 
powders  were  investigated  with  a  field  emission  scanning  electron 
microscope  (FE-SEM;  Hitachi  S4700)  and  a  transmission  electron 


Fig.  2.  FE-SEM  images  of  the  synthesized  Zn!_xCexO  with  x  =  (a)  0,  (b)  0.005,  and  (c)  0.01  and  of  the  synthesized  Zn!_xDyxO  with  x  =  (d)  0.005  and  (e)  0.01. 
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microscope  (TEM;  JEM-2100F,  JEOL)  operating  at  200  kV.  The 
resultant  powders  were  calcined  at  950  °C  for  5  h.  Subsequently, 
the  calcined  powders  were  cold-pressed  under  150  MPa  to  pre¬ 
pare  green  pellets.  The  pellets  were  heated  at  1350  °C  for  10  h  in 
air  and  then  furnace  cooled.  The  crystal  structure  of  the  calcined 
powders  and  sintered  pellets  was  analyzed  with  an  X-ray 
diffractometer  (XRD;  Rigaku  DMAX  2500)  using  Cu  Ka  radiation  at 
40  kV  and  100  mA.  Thermal  etching  at  1300  °C  for  30  min  in  air 
was  performed  after  polishing  the  sintered  pellets.  The  micro¬ 
structure  of  the  sintered  pellets  was  investigated  with  a  field 
emission  scanning  electron  microscope  (FE-SEM,  Hitachi  S-4700). 
The  density  of  the  sintered  pellets  was  measured  by  the  Archi¬ 
medes  method.  Thermoelectric  properties  were  measured  in 
temperature  range  of  500-800  °C.  Electrical  conductivity  was 
measured  by  the  direct  current  (dc)  four-probe  method.  The 
temperature  difference  (AT)  between  the  two  ends  in  the  samples 
was  controlled  at  4-6  °C  to  measure  the  Seebeck  coefficient.  The 
thermoelectric  voltage  (A E)  measured  as  a  function  of  the  tem¬ 
perature  difference  (AT)  produced  a  straight  line.  A  schematic 
diagram  showing  the  experimental  procedures  of  the  Zni_xRxO 
samples  is  shown  in  Fig.  1. 


3.  Results  and  discussion 

Fig.  2  shows  FE-SEM  images  from  the  synthesized  Zni_xCexO 
and  Zni_xDyxO  powders.  The  FE-SEM  images  exhibit  sponge-like 
agglomerated  powders  due  to  the  liberation  of  a  large  amount  of 
gas  during  the  combustion  of  gels  [21].  In  order  to  investigate  the 
size  and  morphology  of  the  synthesized  Zni_xRxO  (R:  Ce  and  Dy) 
powders,  TEM  bright  field  images  are  obtained.  The  synthesized 
Zni_xRxO  powders  show  a  spherical  morphology  and  ultra-fine 
size.  The  TEM  bright  field  images  of  the  synthesized  Zni_xRxO 
powders  are  shown  in  Fig.  3. 

Fig.  4(a)  and  (b)  show  the  XRD  patterns  of  the  calcined 
Zni_xCexO  and  Zni_xDyxO  (0  <  x  <  0.01 )  powders,  respectively.  The 
Zni_xCexO  (0.001  <  x  <  0.01)  powders  consist  of  the  Zni_xCexO 
phase  with  a  wurtzite  structure  and  the  Ce02  phase  with  a  cubic 
structure  [22-24],  and  the  Zni_xDyxO  (0.001  <  x  <  0.01)  powders 
consist  of  the  Zni_xDyxO  phase  and  the  Dy203  phase  with  a  cubic 
structure  [25].  The  general  trend  is  for  the  intensity  of  Ce02  and 
Dy203  peaks  to  increase  with  an  increase  in  their  contents.  The 
added  Ce02  and  Dy203  (0.001  <  x  <  0.01)  are  not  completely  dis¬ 
solved  in  the  ZnO  crystal  lattice  due  to  its  low  solubility. 


Fig.  3.  TEM  bright  field  images  of  the  synthesized  Zni_xCexO  with  x  =  (a)  0, 
(b)  0.005,  and  (c)  0.01  and  of  the  synthesized  Zni_xDyxO  with  x  =  (d)  0.005  and  (e) 
0.01. 
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Fig.  4.  XRD  patterns  of  the  calcined  (a)  Zni_xCexO  and  (b)  Zn!_xDyxO  (0  <  x  <  0.01) 
powders. 
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The  XRD  peaks  are  sharpened  after  sintering  at  1350  °C,  as 
shown  in  Fig.  5,  indicating  an  increased  crystallite  size  and 
improved  crystallinity.  In  addition  to  the  Zni_xRxO  phase,  the  sin¬ 
tered  Zni_xCexO  and  Zni_xDyxO  contain  a  small  amount  of  the  Ce02 
and  Dy203  phases,  respectively.  This  means  that  the  sintered 
Zni_xRxO  has  the  same  crystal  structure  as  the  calcined  powders  of 
the  same  composition.  The  presence  of  Ce02  and  Dy203  in  the 
sintered  samples  is  further  confirmed  by  the  SEI  and  elemental  map 
studies  below. 

Fig.  6  shows  FE-SEM  images  from  the  surfaces  of  the  thermal- 
etched  Zni_xRxO  (0  <  x  <  0.01).  The  grain  size  of  Zni_xRxO  in¬ 
creases  with  the  small  addition  of  R,  i.e.,  0.003  and  0.005  for  Ce02 
and  Dy203,  respectively,  because  the  added  R  increases  the  ac¬ 
tivity  of  ZnO  by  means  of  the  distortion  of  the  ZnO  lattice  [26].  In 
contrast,  the  grain  size  for  high  R  content,  i.e.,  >0.005  and  >0.007 
for  Ce02  and  Dy203,  respectively,  gradually  decreases  by  further 
increasing  their  contents.  This  is  attributed  to  the  pinning  effect 
caused  by  the  Ce02  and  Dy203  phases  as  well  as  to  the  dragging 
effect  between  the  grain  boundaries  and  the  phases,  resulting  in 
reduced  mobility  of  the  grain  boundaries  [27,28].  The  density  of 
the  Zni_xCexO  and  Zni_xDyxO  is  of  the  same  trend  as  the  grain 
size.  Most  pores  exist  at  the  grain  boundaries,  and  some  also 
remain  within  individual  grains.  The  grain  size  and  porosity  of  all 
the  fabricated  Zni_xCexO  and  Zni_xDyxO  are  given  in  Table  1.  In 


Fig.  6.  FE-SEM  images  from  the  surfaces  of  the  thermal-etched  Zni_xCexO  with  x  =  (a) 
0,  (b)  0.001,  (c)  0.003,  (d)  0.005,  and  (e)  0.01  and  of  the  thermal-etched  Zni_xDyxO 
with  x  =  (f)  0.001,  (g)  0.003,  (h)  0.005,  (i)  0.007,  and  (j)  0.01. 


Table  1 

The  grain  size  and  porosity  of  all  the  fabricated  Zni_xCexO  and  Zni_xDyxO 
(0  <x  <  0.01). 


Grain  size  (pm) 

Porosity  (%) 

ZnlxCexO 

0 

8.2 

12.5 

0.001 

8.5 

6.6 

0.003 

13.9 

4.8 

0.005 

12.1 

5.1 

0.01 

10.2 

5.5 

Zn!_xDyxO 

0.001 

9.4 

9.1 

0.003 

12.8 

4.8 

0.005 

14.6 

4.1 

0.007 

10.1 

4.4 

0.01 

6.5 

5.3 
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order  to  identify  the  distribution  of  constituent  elements  in  the 
sintered  Zni_xCexO  and  Zni_xDyxO,  SEI  and  elemental  mapping 
are  obtained.  Fig.  7(a)  and  (b)  show  the  SEI  and  elemental  map¬ 
ping  of  Zno.99Ceo.01O  and  Zn0.99Dy0.01O,  respectively.  In  the  as- 
sintered  samples,  Zn  and  O  distributions  are  relatively  homoge¬ 
neous,  while  Ce  and  Dy  distributions  are  heterogeneous,  sug¬ 
gesting  the  formation  of  Ce02  and  Dy203  at  the  grain  boundaries 
and  in  the  innergrain. 

The  electrical  conductivities  (a)  of  Zni_xCexO  and  Zni_xDyxO 
(0  <  x  <  0.01)  as  a  function  of  temperature  are  shown  in  Fig.  8(a) 
and  (b),  respectively.  The  electrical  conductivity  slightly  increases 


with  increasing  temperature,  indicating  semiconducting 
behavior.  In  addition,  the  incorporation  of  Ce02  and  Dy203  to  ZnO 
leads  to  a  marked  increase  in  the  electrical  conductivity.  This  is 
caused  by  the  fact  that  the  substitution  of  Ce4+  and  Dy3+  for  Zn2+ 
may  increase  the  electron  concentration  of  the  system  to 
compensate  for  the  electric  charge  balance.  The  electrical  con¬ 
ductivities  at  800  °C  for  the  Zni_xCexO  and  Zni_xDyxO  are  in  the 
ranges  of  20.4-71.9  Q-1cm_1,  and  20.4  to  97.8  Q_1cm_1, 
respectively. 

Fig.  9(a)  and  (b)  show  the  Seebeck  coefficients  (ce)  of  Zni_xCexO 
and  Zni_xDyxO  (0  <  x  <  0.01 ),  respectively.  The  Seebeck  coefficient 
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Fig.  7.  SEI  and  elemental  mapping  of  the  (a)  Zno.99Ceo.01O  and  (b)  Zn0.99Dy0.01O. 
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(a)  is  calculated  with  the  following  equation:  a  =  AE/AT,  where  A E 
is  the  thermoelectric  voltage  and  AT  is  the  temperature  difference 
between  the  two  ends  in  the  sample  [29].  The  sign  of  the  Seebeck 
coefficient  is  negative  over  the  whole  temperature  range  for  all  the 
samples,  indicating  that  the  major  conductivity  carriers  are  elec¬ 
trons.  The  absolute  values  of  the  Seebeck  coefficients  at  800  °C  for 
the  Zni_xCexO  and  Zni_xDyxO  are  in  the  ranges  of  48-170  pVK-1 
and  48  to  241  pVK-1,  respectively.  The  absolute  value  of  the  See¬ 
beck  coefficient  for  Zni_xCexO  and  Zni_xDyxO  (0.001  <  x  <  0.01)  is 
much  larger  than  that  of  ZnO.  The  absolute  values  of  the  Seebeck 
coefficients  of  the  Zni_xCexO  and  Zni_xDyxO  first  increase  with 
increasing  the  Ce02  and  Dy203  contents,  reaching  a  maximum  at 
x  =  0.003  and  0.005,  respectively,  and  then  decrease  with  further 
increases  of  their  contents.  It  is  also  important  to  note  that  both 
the  electrical  conductivity  and  the  absolute  values  of  the  Seebeck 
coefficients  of  the  Zni_xCexO  and  Zni_xDyxO  increase  with 
increasing  the  Ce02  and  Dy203  contents  up  to  x  =  0.003  and  0.005, 
respectively.  The  absolute  values  of  the  Seebeck  coefficients  of 
Zn0.997Dy0.003O  and  Zno.995Dyo.005O  are  as  high  as  170  and 
241  pVK-1,  respectively.  The  temperature  dependence  of  the 
electrical  conductivity  and  the  Seebeck  coefficient  observed  in  this 


study  is  unusual.  In  general,  by  increasing  the  electrical  conduc¬ 
tivity,  the  Seebeck  coefficient  decreases  [30].  The  reason  for  this 
unusual  occurrence  is  unclear  at  present,  requiring  further  ex¬ 
periments  in  the  future. 

The  temperature  dependences  of  the  power  factors  (croc2), 
calculated  from  the  data  in  Figs.  8  and  9,  for  Zni_xCexO  and 
Zni_xDyxO  (0  <  x  <  0.01)  are  plotted  in  Fig.  10(a)  and  (b),  respec¬ 
tively.  As  expected,  the  power  factor  of  Zni_xCexO  and  Zni_xDyxO 
increases  up  to  800  °C.  The  power  factor  of  the  Ce02-  and  Dy203- 
doped  samples  is  much  greater  than  that  of  ZnO.  The  addition  of 
Ce02  and  Dy203  up  to  x  =  0.003  and  0.005,  respectively,  results  in  a 
higher  power  factor  at  high  temperatures  because  it  simulta¬ 
neously  enhances  the  electrical  conductivity  and  the  absolute  value 
of  the  Seebeck  coefficient.  The  power  factor  of  Zn0.995Dy0.005O  at 
800  °C  is  as  high  as  4.46  x  10-4  Wm-1 1<~2,  which  is  about  56  times 
larger  than  that  given  by  ZnO  at  800  °C  (0.08  x  10-4  Wm-1  I<-2). 
This  means  that  the  doped  Dy203  is  highly  effective  for  improving 
the  thermoelectric  properties  of  ZnO.  The  value  of  the  power  factor 
for  the  Zni_xCexO  and  Zni_xDyxO  still  increases  toward  higher 
temperatures,  implying  high  performance  and  thermal  stability  at 
high  temperatures. 
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4.  Conclusions 

The  sintered  Zni_xCexO  (0.001  <  x  <  0.01 )  contains  the  Zni_xCexO 
phase  and  the  secondary  Ce02  phase,  while  the  sintered  Zni_xDyxO 
(0.001  <  x  <  0.01 )  contains  the  Zni_xDyxO  phase  and  the  secondary 
Dy203  phase.  The  intensities  of  the  Ce02  and  Dy203  peaks  increase 
with  increases  in  the  Ce02  and  Dy203  contents,  respectively.  The 
electrical  conductivities  of  Zni_xCexO  and  Zni_xDyxO  (0  <  x  <  0.01) 
increase  with  increasing  Ce02  and  Dy203  contents.  The  absolute 
values  of  the  Seebeck  coefficients  of  the  Zni_xCexO  and  Zni_xDyxO 
first  increase  with  increasing  the  Ce02  and  Dy203  contents  up  to 
x  =  0.003  and  0.005,  respectively,  and  then  decrease  with  further 
increasing  their  contents.  Among  the  fabricated  samples,  the 
maximal  power  factor  (4.46  x  lO-4  Wm'1  K  2  at  800  °C)  is  attained 
for  the  Zn0.995Dy0.005O,  which  is  approximately  56  times  higher  than 
that  for  ZnO  (0.08  x  1CT4  Wm-1  I<-2  at  800  °C).  It  is  therefore 
believed  that  a  small  amount  of  Dy203  is  fairly  effective  in  achieving 
a  high  power  factor. 
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